Introduction: The aim of the study was to evaluate clinical and biochemical differences between patients with lowrenin and high-renin primary arterial hypertension (AH), mainly in reference to serum lipids, and to identify factors determining lipid concentrations.
Introduction
The renin-angiotensin-aldosterone system (RAAS) maintains a key role in blood pressure (BP) regulation. 1, 2 Its overactivity is responsible for a wide array of adverse effects in the cardiovascular system, which, due to the elevation of angiotensin II (Ang II) and aldosterone concentrations, lead to an increase in BP, extracellular fluid volume expansion, hypercoagulability, activation of the inflammatory cascade, and acceleration of the fibrosis processes in the heart and vessels. [3] [4] [5] Moreover, the negative cross-talk between Ang II and insulin signalization might be responsible for carbohydrate metabolism dysregulation
The relationship between plasma renin activity and serum lipid profiles in patients with primary arterial hypertension and its cardiovascular consequences. 6 Ang II via angiotensin II receptor type 1 (AT1) stimulates cholesterol synthesis, low-density lipoprotein cholesterol (LDL-C) oxidation and its incorporation into the vascular wall. 7 The consequence of increased RAAS activity is a higher prevalence of cardiovascular complications, mostly resulting from atherosclerosis. Apart from commonly known RAAS effects indirectly contributing to an acceleration of atherosclerosis, the system may also act directly, for example through an increase in LDL-C oxidation. 8 In adipocytes, RAAS is involved in lipid metabolism, i.e. Ang II modulates lipolysis, lipogenesis and adipocyte differentiation. 9 In macrophages, Ang II stimulates cholesterol synthesis and decreases high-density lipoprotein (HDL) cholesterol-induced cholesterol efflux. 10, 11 The last effect is probably common for cholesterol membrane transport in other cells. Moreover, Ang II has a stimulatory effect on LDL-C oxidation and LDL-C degradation by macrophages, which is more pronounced in patients with arterial hypertension. 12 The last effect of Ang II might be mediated by oxidized low-density lipoprotein receptor 1 (OLR1) activity modulation through the AT1 receptor. 13 The decrease in total cholesterol and LDL-C as a result of angiotensin converting enzyme (ACE) inhibition by enalapril, as well as the amplification of anticholesterolaemic effect of simvastatin by enalapril described by Nazzaro et al., could be considered as indirect proof that RAAS overactivity can promote abnormalities in the lipid profile. 14 Increased RAAS activity was confirmed in unstable atherosclerotic plaques. 15 The interaction between RAAS activity and LDL-C can also be bidirectional, i.e. increased LDL-C might stimulate the RAAS.
Hyperlipidaemia (including increased LDL-C) induced by overfeeding in mice has been positively associated with an upregulation of the RAAS components. 16 Incubation of vascular smooth muscle cells with LDL-C upregulates AT1 receptor gene expression. 17 A similar mechanism of action, i.e. by upregulation of AT1 gene expression, has been proven for oxidized LDL. 18, 19 The upregulation of the AT1 receptor may lead to a downregulation of renin levels.
Taking into consideration the literature cited above, there is enough theoretical evidence to suspect a relationship between RAAS activity and serum cholesterol. Most authors state that no direct relationship between RAAS activity and serum lipid concentration exists. [20] [21] [22] However, positive correlations between LDL-C and RAAS components have been shown in several human studies. 23, 24 In the Framingham Heart Offspring Study, the prevalence of hyperlipidaemia among subjects with arterial hypertension (AH) was 40% in men and 33% in women, respectively. 25 Such high frequencies of hypercholesterolaemia in subjects with AH may be partially explained by an association between renin and lipid metabolism, as well as the predominance of primary hypertension with high renin levels (60-70%). 26 The presence of hypercholesterolaemia, as found by Borghi et al., can also promote AH development through its interaction with the circulating components of the RAAS. 27 The aim of the study
The main aim of this study was the evaluation of clinical and biochemical differences between patients with lowrenin and high-renin AH, with particular reference to serum lipids. The secondary aim was the identification of factors determining serum lipid concentrations in low-and high-renin hypertension.
Materials and methods

Study design
This was an observational, cross-sectional study performed in the hypertension outpatient department of the 1st Department of Cardiology, Jagiellonian University Medical College in Kraków, Poland. The participants were enrolled to the study from a group of consecutively admitted patients over 6 months, after considering inclusion and exclusion criteria. Enrolment was stopped after reaching the sufficient number of participants needed to obtain the statistically significant difference in LDL-C level between study subgroups. According to plasma renin activity (PRA) values, the study group was subdivided into low-renin and high-renin groups. We then evaluated the differences between subgroups in selected clinical and biochemical parameters, with special reference to serum lipid concentrations. In regression analysis, we also tested factors determining low-density lipoprotein cholesterol serum concentration in each subgroup.
Study group inclusion and exclusion criteria. Ninety-seven patients were enrolled (a similar number of men and women), aged 30-75 years, with uncomplicated primary stage 1 AH according to the 2013 European Society of Hypertension (ESH)/European Society of Cardiology Guidelines (i.e. arterial BP values ⩾ 140/90 mmHg and < 160/100 mmHg). 28 Patients with previously diagnosed and treated hypertension were included in the study after a minimum 6-week drug washout period. In order to exclude secondary hypertension in all patients, abdominal ultrasound examination with renal Doppler flow assessment was performed. Subjects with suspected renal artery stenosis were subsequently excluded from our study. Other exclusion criteria were the following: a history of coronary artery disease (i.e. myocardial infarction, angina pectoris or history of coronary revascularization), as well as: cardiac valvular disease, atrial fibrillation, prior stroke or transient ischaemic attack; antiplatelet, anticoagulant, or lipid-lowering therapy; and acute or chronic inflammation, cancer, chronic kidney disease (defined as estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m 2 ) or liver failure.
Insulin-treated diabetic patients and pregnant women were also excluded. Moreover, we decided not to include patients with aldosterone-to-renin ratio (ARR) > 100 ng/ dL/ng/mL/h and aldosterone concentration > 30 ng/dL, although no typical indications to perform screening for primary aldosteronism were present according to the Endocrine Society Guidelines. 29 Study procedures. All subjects signed an informed consent form before being included in this study. The study was performed in accordance with the Declaration of Helsinki of 1975 for Human Research and was approved by the Jagiellonian University Ethics Committee (decision number: KBET/7/B/2007).
In accordance with the recommendations of the ESH, 28 office BP and heart rate (HR) were measured twice with an interval of 1 min using an Omron M5-I oscillometric device (Omron Healthcare Co., Japan), and mean values were calculated and used in the final analysis. Twentyfour-hour ambulatory BP monitoring (ABPM) was performed using a SpaceLabs 90207 recorder (SpaceLabs Inc., Richmond, Washington, USA) according to the ESH working groups' practice guidelines, 30 with automatic measurements taken at 15-min intervals during daily activity and 20-min intervals during nighttime hours. After overnight fasting, blood was collected from the antecubital vein.
The measurements of serum concentrations of albumin, total protein, creatinine, urea, potassium, sodium, total cholesterol (TC), HDL cholesterol (HDL-C), LDL-C and triglycerides (TGs) were performed. Serum TC was determined using the enzymatic cholesterol oxidasephenol+aminophenazone (CHOD-PAP) method. TG levels were determined by enzymatic colorimetric method using glycerol-3-phosphate oxidase-phenol+aminophenazone (GPO-PAP). HDL-C was obtained using the Abell-Kendall direct enzymatic colorimetric method by. Finally, LDL-C levels were calculated using the Friedewald formula. 31 All of these routine biochemical assessments were performed using a Hitachi 917/Modular P analyzer (Roche Diagnostics Ltd). 32 eGFR was calculated using the modification of diet in renal disease formula. 33 Blood samples for the measurement of serum concentration of aldosterone and plasma renin activity were centrifuged at 3000 × g, then plasma (ethylenediaminetetraacetic acid) were immediately separated and frozen at −75°C until laboratory analysis. Serum aldosterone concentration was determined by radioimmunoassay using an ALDO-RIACT kit (Cisbio Bioassays, Codolet, France), with a limit of detection of 7 pg/mL and a coefficient of variation < 7.5%. PRA was determined from the same sample by radioimmunoassay using an Ang I RIA KIT (Beckman Coulter, Immunotech, Prague, Czech Republic), with a sensitivity of 0.07 ng/mL and coefficient of variation < 6.0%.
Statistical analysis. Statistical analyses were performed using STATISTICA 12 software (StatSoft, Inc., Tulsa, OK, USA). The results are expressed as numerical values and percentages for categorical variables, and mean values and SDs for continuous variables. Comparisons between study groups were made using the Student's t-test for independent samples in cases of continuous variables and χ 2 for qualitative variables. The Mann-Whitney U test was performed for abnormal distribution. Univariate and multivariate regression analyses were used to determine the influence of independent factors on LDL-C in study subgroups. Differences were considered statistically significant at p < 0.05.
Results
Within the group of 97 patients with primary AH, comprised of 48 men and 49 women with a mean age of 53.4 years, 58 patients had PRA value greater than or equal to 0.65 ng/mL/h (the 'high-renin hypertension group') and 39 had a PRA lower than 0.65 ng/mL/h (the 'low-renin hypertension group'). The high-and low-renin groups did not differ in age, sex, body mass index, BP levels (in office measurements and ABPM) or treatment used. In the study group, 82 (84%) patients were antihypertensive therapy naïve, while 15 patients (16%) had been previously treated with one or a combination of two low-dose antihypertensive drugs. The pharmacotherapy of the patients from the latter group was the following: two patients received slowrelease indapamide (1.5 mg) as a monotherapy for 1-4 months, one patient was taking lisinopril (5-10 mg) twice daily as a monotherapy for a period of 2-3 months, another two were on perindopril (5 mg) once daily for a period of 1-3 months, two received valsartan (80 mg) once daily for a period of 1-3 months, one received verapamil (120 mg/ day) for 1-3 months, two received carvedilol (6.125-12.5 mg) twice daily for a period of 1-4 months, two received metoprolol succinate 50 mg/day (one for a period of 2 months and one for 3 months) and finally three patients received combination therapy consisting of indapamide (0.625 mg) plus perindopril (2.5 mg) once daily for 2-3 months. The treatments mentioned above were withdrawn at least 6 weeks before the study enrollment. None of the patients included in the study was previously subject to lipid-lowering therapy or a special dietary regime.
The only clinical difference between the groups was higher mean daily HR in ABPM in the group with high PRA (Table 1) . Serum sodium and ARR were lower in the high-renin group. Serum aldosterone, albumin and total protein were significantly higher in the high-renin group than in the low-renin group. Analysing the serum lipid profiles, we found significantly higher levels of TC and LDL-C in the high-renin group (Table 2 ). In the group of high-renin patients, univariate regression revealed a lack of association between LDL-C serum levels and PRA; however, both the levels of LDL-C and PRA in this group were significantly higher than in the low-renin group (Table 3) . In contrast, in the low-renin group, a positive association between LDL-C and PRA was found (Table 3 and Figure 1 ). This association remained significant after adjustment for age, sex, and aldosterone and albumin levels. The proposed multivariate regression analysis model explains 29% of the LDL-C variability in low-renin subjects (Table 3 ). The LDL-C level in this subgroup was mainly determined by PRA.
Discussion
The main finding of this study were higher levels of LDL-C and total cholesterol in the high-renin than in the low-renin hypertensive group. Moreover, in the low-renin, but not in the high-renin group, PRA remained in significant independent association with the LDL-C level. We also observed higher daily HR and lower serum sodium in the high-renin group than in the low-renin group. The first result might be explained by the well-known physiological mechanism of sympathetic nervous system activation by the RAAS. We do not have data about sodium load in our participants, but we suppose that sodium intake might contribute to the obtained differences in serum sodium levels between the low-and high-renin groups. Additionally, in the low-renin group, there was a lower serum aldosterone level than in the highrenin group. The most common cause of low-renin and lowaldosterone hypertension is high sodium intake. 34 Lipid metabolism disturbances are the most widely recognized cardiovascular risk factors, and multiple associations between RAAS and lipid metabolism disturbances have been extensively studied in basic sciences. Some clinical studies indicate that a reduction of hyperlipidaemia and RAAS blockade may have a synergistic, Circle: low-renin subject; square: high-renin subject. Dotted line shows plasma renin activity level of 0.65 ng/mL/h. LDL-C: low-density lipoprotein cholesterol; PRA: plasma renin activity.
favourable influence on patients with hypertension and/or with other atherosclerosis manifestations. 13, 35 This might be of special importance among patients similar to one of our groups, where higher PRA was accompanied with higher TC and LDL-C levels. Three large clinical trials have provided results on the relationship between the RAAS and serum cholesterol. Plasma renin concentration (PRC) was associated with an increased risk of cardiovascular events in a large community-based cohort (without antihypertensive medication) in the Prevention of REnal and Vascular ENd-stage Disease (PREVEND study). 36 In this cohort, in opposition to the low-renin hypertensive group in our study, there was no association between serum cholesterol and PRC. In the high cardiovascular risk group of the Heart Outcomes Prevention Evaluation (HOPE) study, high PRA was an independent predictor of major vascular events and mortality. Despite the fact that neither TC nor LDL-C in this group were significantly higher in patients with high PRA, there was a trend towards higher TC and LDL-C levels in the upper quintiles of PRA, 37 which is partially consistent with our results. In the cohort of the Framingham Heart Study, higher plasma renin was associated with greater short-term mortality, but not with cardiovascular disease (CVD) incidence, in the community. The hyperlipidaemic index total/HDL cholesterol ratio analysed by the authors was similar in all quartiles of renin concentration, but was higher in patients with arterial hypertension than in the general population. 38 It is very likely that the selection of the group of patients with hypertension in our study could have influenced the obtained result, i.e. higher LDL-C levels in high-renin subjects.
There were no differences in BP values between lowand high-renin groups in our study. However, in most studies, there is a rather negative correlation between PRA and the level of BP, 36, 38 except for the study of Alderman and co-workers. 39 High-renin patients in our study were characterized by higher serum aldosterone and higher HR. The last finding might be considered as an indirect measure of increased RAAS activity. A positive association between plasma renin activity and HR was previously demonstrated. 36, 40, 41 Surprisingly, in the whole group as well as in the highrenin subjects, we did not observe an association between PRA and cholesterol levels. On the contrary, the low-renin patients showed significant association between PRA and LDL-C, even after adjustment for age, sex, and aldosterone and albumin levels. The lack of association between PRA and LDL-C in high-renin hypertensive subjects in our study may be explained by another factor affecting LDL-C stronger than PRC that was not identified in our analyses. Looking at the large dispersion of LDL-C values in this group, it is very likely that it is not one but a few different factors. Speculatively, we may propose one of them to be the difference in (pro)renin level or (pro)renin receptor activity, which are both potent factors that influence different metabolic pathways including hepatic LDL-C turnover and, of course, its serum level. [42] [43] [44] [45] Moreover, RAAS overactivity may lead to liver dysfunction promoting inflammation, lipodystrophy, liver steatosis and lipid metabolism disturbances. [46] [47] [48] Feltenberger et al. demonstrated the reversibility of the aforementioned effects by an oral formulation of Ang (1-7) in mice. 49 However, all the patients in our study were free of liver disease (according to the exclusion criteria); the differences in local (liver) activity of other types of angiotensins may be a potential factor explaining the differences between the low-renin and high-renin groups concerning PRA and LDL-C association. Other explanation is the fact, already confirmed in the literature, that high-renin hypertension is more common than low-renin hypertension; 26, 34 probably due to large number of patients, this group is much more heterogeneous than low-renin hypertensives.
Zhu et al. showed a significant positive correlation between PRA and LDL-C among a group of young (below 40 years of age) male hypertensive subjects. 23 The comparison of our results with those obtained by Zhu et al. is somewhat difficult because of numerous methodological differences. Zhu et al. did not dichotomize patients according to their renin status. An association of LDL-C and PRA in our study was observed only in the low-renin subjects. Moreover, the study mentioned above included only men, the mean age of the participants was significantly lower than in our study, and patients were treated with antihypertensive drugs (including drugs influencing RAAS activity) and statins.
Long et al. showed in their study that in hypercholesterolaemic patients, RAAS activity (Ang II) correlated positively with TC and LDL-C levels before and after statin treatment. The lowering of serum cholesterol with statins was associated with decreased circulatory RAAS activity (Ang II and ACE). The observation concerning the relationship between RAAS activity and LDL-C levels is partially similar to our findings, but these authors did not divide their group into two subgroups (i.e. high and low renin). The findings of Long et al. confirm that a cross-talk between PRA and cholesterol levels exists. 24 Some authors, including a recent publication by Hannich et al., have reported a positive association between serum aldosterone levels and LDL-C. 50 In our study we did not observe any association between serum aldosterone and LDL-C. Furthermore, in multivariate regression, the positive association between PRA and LDL-C in the low-renin AH group was not altered after adjustment to aldosterone levels. The most probable reason for the difference between the results obtained by Hannich et al. and those from our study are different groups (general population versus patients with arterial hypertension in our study).
Our patients with low-renin hypertension fulfilled the criteria for the diagnosis of low-renin primary hypertension (LREH), due to the elimination of secondary hypertension according to the strict exclusion criteria used. LREH patients are characterized by increased local RAAS activity. The plasma Ang II level among these subjects is normal, while adrenal renin content, vascular Ang II formation and the plasma level of (pro)renin are elevated. 26, 42 LREH patients are also considered to have lower risk of CVD occurrence. 51 In our study this characteristic was complemented by lower TC and LDL-C.
As PRA distribution is a continuum, if we considered only LREH patients, LDL-C remained in significant association with PRA. For higher values of PRA this association disappeared, as shown in Figure 1 .
The strength of our study is that, to our knowledge, it is the first description in the literature of a positive association between PRA and LDL-C in well-phenotyped and untreated LREH patients. The main limitation of the study is the small sample size, as well as the lack of adjustment of renin profiles to sodium urinary excretion and the lack of data about physical activity in the study group. Another limitation of our study is the adoption of restrictive exclusion criteria, to select a group of patients with mild AH who were free of cardiovascular complications, and other diseases and conditions that could affect the results (including subjects treated with lipid-lowering drugs). This improves the internal consistency and validity of the study, but limits usefulness of the findings for the whole population.
Conclusions
Patients with high-renin arterial hypertension are characterized by higher serum levels of TC and LDL-C, but the association between LDL-C level and PRA exists only in low-renin, and not in high-renin, hypertensive subjects.
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